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Abstract: The electrospinning of rhodamine B (RhB)-doped poly(methyl 
methacrylate) (PMMA) is presented as a promising technique for processing 
photoluminescent nanofibers. Nanofibers with concentrations of RhB in 
PMMA between 0.05 and 2.0 wt. % were studied. The FTIR spectrum, fiber 
morphology, thermal properties and optical properties of the nanofibers were 
investigated. Smooth, bead-free and nonporous nanofibers were obtained. 
Differential scanning calorimetry (DSC) results revealed that the glass transi-
tion temperature of the PMMA (Tg) increased with the increasing of RhB 
content up to 0.5 wt. % and thereafter decreased. The laser induced fluores-
cence (LIF) technique was used to study the fluorescence properties of the 
nanofibers. The maximum fluorescence emission was observed at a concen-
tration of RhB of 0.2 wt. %.  
Keywords: electrospinning; nanofibers; dye-doped PMMA; fluorescence. 
INTRODUCTION 
Polymer nanofibers offer a great opportunity for applications beyond nano-
electronics,1,2 such as, for membrane materials,3 tissue scaffolding and other 
biomedical applications,4 sensing5 and as reinforcements in composite mate-
rials.6,7 Moreover, the properties of these nanoscale polymeric structures make 
them interesting candidates for the next generation of photonic devices.8,9 For 
example, fibrous dielectric nanostructures could be used as single-mode light 
waveguides,10 sensors5 or building blocks of photonic band-gap materials.11 
Polymer nanofibers could be fabricated by diverse methods, including polymeri-
zation in nanoporous templates12 dip-pen lithography13 self-assembly,14 direct 
drawing from polymer solutions15 and molding,16 although only electrospin-
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ning17–22 assures a low cost and high throughput production. Electrospinning is a 
versatile technique that has recently undergone significant development in the 
production of nanofibers. The polymer fibers are formed from a solution between 
two electrodes bearing electrical charges of opposite polarity. One of the elec-
trodes is placed into the solution and the other onto a collector. Once ejected out 
of a metal needle, the charged solution of the jets evaporates to become fibers, 
which are collected on the collector. The structure and the morphology of elec-
trospun polymer materials, be it fibers or particles, are determined by the syner-
gistic effects of solution parameters (polymer concentration, solution viscosity 
and flow rate) and electrostatic forces (applied voltage and distance between the 
needle and collector). 
A major advantage of electrospinning is the possibility to produce hybrid, 
functional photonic materials by incorporating, e.g., light emitters into the 
fibers.23–25 The polymer, the light emitter and the characteristic dimension (dia-
meter of the fibers) can be varied independently, therefore allowing for a wide 
range of applications. Both organic dye molecules and inorganic materials can be 
embedded into the fibers. Organic dye-doped polymers have been widely inves-
tigated as gain media in solid-state dye lasers.26–29 Dye molecules, which have 
large absorption and induced emission cross sections due to allowed π–π trans-
itions, are ideal active dopants for the generation and amplification of intense 
light pulses. Thus, many research groups have synthesized and tested numerous 
chemical substances that were proved good laser dyes. The dye has, however, to 
be embedded in a suitable matrix or host. The incorporation of a dye in liquid 
media adversely affects many thermodynamic and spectroscopic properties of the 
dye (kinetics of energy up-conversion). The adding of dye in polymer solution 
changes the viscosity of the solution and hence, influences the process of electro-
spinning.  
Thermoplastic PMMA is considered as one of the most efficient dye mat-
rices with excellent optical, thermal, photochemical and dimensional stability. As 
such, it has been widely used for laser and non-linear optical materials. The 
incorporation of rhodamine B (RhB) in the host polymer would obviously induce 
structural and morphological changes.30,31  
Critical factors determining the optical response of dyes are related to the 
extent to which their physical and chemical properties are maintained. Thermal 
and optical properties of dye-doped polymers are important for the identification 
of suitable laser media. RhB is of great interest as it processes the highest photo-
stability, ≈9,000 GJ mol–1.32 
In this work, the electrospinning of PMMA–RhB nanofibers was performed, 
and the structure, morphology, and the linear and nonlinear optical properties of 
the resulting fibers were investigated. 
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EXPERIMENTAL 
Commercially available PMMA Acryrex® CM205 (Chi Mei Corp.) (M ̅ w ≈90400 g mol-1) 
pellets were used as the matrix for preparing the samples. Dimethylformamide (DMF, anhyd-
rous, 99.8 %, Sigma–Aldrich) was chosen as the solvent and the laser dye RhB (Sigma–Ald-
rich, M = 479.01 g mol-1) was chosen for incorporation into the polymer matrix. The aim of 
starting experiments was to establish the conditions for PMMA fiber electrospinning. Homo-
genous solutions of the polymer were obtained by magnetically stirring for 48 h at room tem-
perature. The concentrations of PMMA in the DMF solutions were 6 and 22 wt. %, according 
to literature data.24 The electrospinning was performed on an Electrospinner CH-01, Linari 
Engineering, Italy. A plastic syringe (20 mL) with a metallic needle of 1 mm inner diameter 
was set vertically on the syringe pump (R-100E, RAZEL Scientific Instruments) and the high-
-voltage power supply (Spellman High Voltage Electronics Corporation, model: PCM50P120) 
was set to a voltage of 28 kV. The distance of the needle tip from the collector was 15 cm and 
different flow rates were employed (5, 1 and 0.5 mL h-1). Electrospun fibers were dried for 8 h 
at 50 °C in a vacuum drying oven. The morphology of nanofibers was obtained using a field 
emission scanning electron microscope (FESEM, TESCAN MIRA 3) with the fracture sur-
faces sputtered with gold. SEM analysis revealed that the best results were achieved with a 
22 wt. % solution of PMMA in DMF at a flow rate of 0.5 mL h-1. For this reason, it was 
decided to use this set of parameters for the fabrication of RhB-doped PMMA fibers. 
The procedure for preparing the solutions for the production of RhB-doped PMMA 
fibers was similar to that employed for the fabrication of pure PMMA fibers. Homogenous 
solutions of polymer were obtained by magnetically stirring for 48 h at room temperature and 
after dissolution of the polymer, the dye was directly added into the solution and the stirring 
was continued for a further 10 min. The contents of RhB in the PMMA were 0.05, 0.1, 0.2, 
0.5, 1.0 and 2.0 wt. % after evaporation of the solvent. The rheological behavior of the 
PMMA dye solutions was analyzed using a Discovery hybrid rheometer HR2 (TA 
instruments) with parallel plate (diameter 25 mm; gap 500 µm) geometry at 25 °C. The flow 
characteristics (steady-shear measurements) of the samples were measured by varying the 
shear rate from 1 to 2000 s-1. 
The electrospinning process was setup as in the previously performed experiments: the 
applied voltage was 28 kV, the flow rate of polymer solution was constant at 0.5 ml h-1 and 
the distance of the needle tip from the collector was 15 cm. All samples were obtained at 20 
°C and 30 % air humidity. The obtained nanofibers were dried in a vacuum oven for 20 h at 
80 °C. 
The infrared (IR) spectra of samples in KBr discs were obtained by transmission Fourier 
transform infrared (FTIR) spectroscopy (Hartmann & Braun, MB-series). The FTIR spectra 
were recorded between 4000 and 400 cm-1 with a resolution of 4 cm-1.  
The diameter of the electrospun nanofibers was measured by Image Pro Plus 4.0 (100 
measurements per photo). Differential scanning calorimetry (DSC) measurements were con-
ducted using a TA Instruments, TA DSC Q10 instrument calibrated with indium standards. 
The samples mass was 0.5 mg. The measurements were performed under a dynamic nitrogen 
flow of 50 mL min-1 in the temperature range from 30 to 155 °C. The samples were heated up 
to 155 °C at a rate of 10 °C min-1, kept at 155 °C for 5 min to erase thermal history and then 
cooled to 30 °C at the same rate. A second heating was performed on each sample. The glass 
transition temperature was determined at the midpoint of the initial slope change. 
The basic setup of the time-resolved laser-induced fluorescence measurement system 
consisted of an Nd–YAG Vibrant OPO laser system and a Hamamatsu streak camera. The 
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output of the OPO could be continuously tuned over a spectral range from 320 to 475 nm. 
After analysis of the preliminary results, for measurements presented herein, the second 
harmonic of the Nd–YAG laser, 532 nm, was used as an excitation source of the samples. The 
wavelength of 532 nm is closer to the absorption peak of RhB than the OPO output. The 
emission spectra were recorded using a streak scope (Hamamatsu model C4334-01) with an 
integrated video streak camera. The fluorescence emission was collected at 90° to the exci-
tation and dispersed by a 0.3 m focal length triple grating imaging spectrograph (SpectraPro- 
-2300i). A grating of 50 g mm-1 was used to cover the 330 nm spectral range.  
RESULTS AND DISCUSSIONS 
In the initial experiments of electrospinning the PMMA solutions, nanofibers 
with three kinds of morphologies were obtained, i.e., ring-like particles, bead-like 
   
 (a)  (b) 
(c) 
Fig. 1. FESEM photographs of: a) PMMA in 
DMF, flow rate 5 mL h-1 (22 wt. %),
b )  P M M A  i n  D M F ,  f l o w  r a t e  5  m L  h -1
(6 wt. %) and c) PMMA in DMF, flow rate 
0.5 mL h-1 (22 wt. %). 
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nanofibers and ultrafine nanofibers. As shown in Fig. 1a, bead-like nanofibers 
were fabricated from the 22 wt. % PMMA in DMF solution at a flow rate of 
5 mL h–1. The ring-like morphology (Fig. 1b) was obtained from the 6 wt. % 
PMMA in DMF at a flow rate of 1 mL h–1. Electrospinning at relatively low 
polymer concentrations resulted in particles rather than fibers.33 It is obvious that 
the jet of polymer solution from the tip of the capillary began to break up into 
droplets at the lower polymer concentration. The solution viscosity should be 
above a minimum for fiber formation, i.e., if the viscosity was too low, the pro-
cess resulted in electrospraying to yield vesicles under the influence of an electric 
field. Smooth, bead-free nanofibers were produced with a combination of higher 
concentration and lower rate (22 wt. % solution of PMMA in DMF at a flow rate 
of 0.5 mL h–1). For this reason, it was decided to use this set of parameters to 
continue with the experiments in which PMMA fibers doped with RhB were 
fabricated. 
The viscosities of solutions (measurements at shear rate 100 s–1) containing 
various concentrations of RhB are listed in Table I. FESEM photographs of the 
PMMA–RhB nanofibers are presented in Fig. 2a. Image analysis revealed that 
the nanofibers were beads-free and with a smooth surface. These fibers presented 
regular surface morphologies. 
TABLE I. Viscosity of solutions and diameter of electrospun nanofibers from image analysis 
Concentration of RhB, wt. %  Viscosity, Pa s  Mean diameter of fibers, nm 
0 2.23 1395±262 
0.05 1.75 1068±306 
0.1 1.72 967±258 
0.2 1.80 650±90 
0.5 1.90 743±98 
1.0 1.72 598±115 
2.0 1.82 623±112 
During the electrospinning process, a polymer solution is drawn from the 
nozzle of the spinneret and the electrical properties, viscosity and surface tension 
of the solution determine the extent of stretching of the solution under electro-
static forces. The smaller diameter of the nanofibers from the lower viscosity 
solution is the result of the solution being stretched easily during electrospinning. 
The larger nanofiber diameters are attributed to the viscosity of the solution being 
high enough to lower the bending instability of the jet. The solution becomes 
resistant to stretching by the electrical charges on the electrospinning jet. From 
Table I, it is obvious that the fiber diameter decreased as the viscosity of solution 
decreased from that of pure PMMA to that of the 0.05 wt. % RhB doped PMMA. 
Subsequently, the value the change in viscosity was in the range of 10 %, but the 
diameter of the nanofibers continually decreased. The explanation for such beha- 
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 (a) 
(b) 
Fig. 2. a) FESEM photographs of 
nanofibers and b) dependence of 
the fiber diameter on the content 
of rhodamine B. 
vior could be the change in the solution conductivity. RhB as a polar dye belongs 
to the xanthine family and it is easily dissolved in polar solvents, such as DMF. 
Depending on the pH of the solution, RhB can exists in a number of possible 
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molecular forms, such as cationic, zwitterionic, quinonic and lactonic.32 Since 
ionic charges are in direct relation with the electrical conductivity of the solution, 
increasing the charge density on the surface of the ejected jet leads to an increase 
in the electric charges carried by the jet. When the conductivity of the solution is 
increased, more charges can be carried by the jet. An increase in the conductivity 
means that electrostatic forces can now overcome the surface tension more 
easily.34,35 As a result, when the charge density increases in the jet, more 
stretching and elongation of the jet occurs during electrospinning, thereby 
causing a reduction in fiber diameter. 
The fiber diameter decreased from 1395±262 nm for pure PMMA to 
598±115 nm for PMMA doped with 1.0 wt. % RhB. The distribution of the fiber 
diameters followed the same trend, the standard deviation decreased from 362 
nm for pure PMMA to 98 nm, and subsequently the concentration rose. These 
results indicated that for concentrations of RhB in the range 0.5–1.0 wt. %, the 
behavior of the solutions changed. 
The FTIR spectra of pure poly (methyl methacrylate) (PMMA) fibers (spec-
trum a) and RhB (spectrum b) are presented in Fig. 3. 
 
              
 PMMA  Rhodamine  B 
Fig. 3. FTIR spectra of a) poly(methyl methacrylate) fibers and b) RhB, and corresponding 
structural formulas of PMMA and RhB. 
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Spectrum a exhibits vibrational bands typical for PMMA, i.e., vibrational 
bands at 987 and 1453 cm–1 that belong to O–CH3 bending and stretching defor-
mation of PMMA, respectively, bands at 1730 and 1250 cm–1 that are assigned to 
stretching of C=O groups, a band at 1065 cm–1 that could be ascribed to the C–O 
stretching vibration and a band at 1197 cm–1 that belongs to the skeletal chain 
vibration. The other bands appearing in the 3000–2800 cm–1, 1490–1275 cm–1 
and 900–750 cm–1 spectral regions correspond to different CH3 and CH2 vibra-
tional modes.36,37 
In spectrum b, vibrational bands corresponding to RhB can be seen. Namely, 
the broad intensity band at 3433 cm–1 is associated with the O–H stretching vib-
ration of hydroxyl groups. Its appearance is attributed to the absorption of water 
by the material. A weak intensity band at 3085 cm–1 belongs to aromatic C–H 
vibrations, which also appear at 1130 cm–1 (plane bending), 820 cm–1 (out of 
plane bending) and at 685 cm–1 (wagging vibrations). In addition, the band at 
1710 cm–1 belongs to the C=N stretching vibration, while the band at 1695 cm–1 
is associated with C=O stretching. A sharp absorption band appearing at 1590 
cm−1 was assigned to the asymmetric stretching vibration of the COO− group, 
the presence of which was further confirmed by the occurrence of a band at 1465 
cm–1, ascribed to symmetric stretching of the group. The aromatic skeletal C–C 
stretch and C–O stretch could be observed at 1345 and 1250 cm−1, respect-
ively.37,38 
The FTIR spectra of PMMA fibers doped with different concentrations of 
the RhB, i.e., 0.5, 1 and 2 wt. %, are presented in Fig. 4. The overall analysis of 
the spectra revealed that after the introduction of RhB into the PMMA fibers, the 
vibrational bands became more intense and their shape sharpened compared to 
 
Fig. 4. FTIR spectra of poly(methyl methacrylate) fibers doped with 
different concentrations of RhB. 
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the corresponding bands of the pure PMMA fibers. Moreover, due to the pre-
sence of the RhB, the vibrational bands in the 3000–2800 cm–1 and the 1750– 
–1400 cm–1 spectral regions were slightly shifted towards lower wavenumbers. 
Namely, these changes were the most visible in the case of the vibrational band 
at 1730, characteristic for the stretching of the C=O of PMMA fibers, which was 
strongly increased and insignificantly blue-shifted to the wavenumber 1728 cm–1 
after doping of the PMMA fibers with RhB. Since the band at 1695 cm–1 asso-
ciated with C=O stretching of the pure RhB (Fig. 3, spectrum b) does not appear 
in the spectra of PMMA doped with RhB (Fig. 4), the existence of such a strong 
band at 1728 cm–1 could be attributed to the mutual vibrations of the C=O groups 
in the structure of PMMA fibers doped with RhB. In addition, the vibration of 
C=N groups of the RhB, found at 1710 cm–1, could also produce a slight shift in 
the band from 1730 to 1728 cm–1.  
Detailed inspection of the IR spectra of PMMA fibers doped with RhB also 
revealed the formation of new vibrational bands of rather weak intensities, 
appearing at 1590, 912 and 828 cm–1. While the latter two could be attributed to 
the C–H vibration of the aromatic ring of RhB,35 the appearance of the band at 
1590 cm–1, characteristic for the COO– vibrations, confirms that RhB did not 
react with the functional groups of PMMA. By appearance of these peaks, the 
presence of RhB molecules within the PMMA matrix was confirmed, implying 
that the RhB was not chemically bonded but rather physically embedded within 
the PMMA matrix.18  
The results of DSC analysis are given in the Fig. 5. The analyses were real-
ized for pure powder PMMA, PMMA nanofibers and PMMA–RhB nanofibers of 
different compositions. The values of Tg and Δcp/ΔT are marked. The PMMA 
powder shows a Tg at 113.53 °C. It can be affirmed that the PMMA–solvent 
interaction was stronger, because the PMMA nanofibers electrospun from DMF 
solution had a Tg at 114.71 °C. The introduction of RhB into the polymer shifted 
the  Tg to higher values up to a concentration of 0.5 wt. % (117.14 °C), but 
showed decreases at higher concentration. This is correlated to the viscosity/pola-
rity-dependent behavior of RhB molecules in the solvent.39–41 This is also in 
accord with the determined viscosity of the solutions with different 
concentrations of RhB.  Having smaller dye–dye molecular distances, RhB in 
DMF permitted the formation of aggregates that were responsible for the 
reduction of the Tg of the fibers with higher contents of RhB. 
A typical streak image of the fluorescence response of the fibers is shown in 
Fig. 6. The streak images acquired in gray scale are presented in pseudo-color, 
where different intensities are coded as different colors. The images were acquired 
in the photon counting mode operation; thus, the intensity corresponds to the 
number of counted photons. Wavelength scale (horizontal) is in the range between 
the 465 and 795 nm. Timescale (vertical) is about 50 ns. Laser excitation at 532 
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nm was also visible on the image. After deconvolution of the laser profile from 
the fluorescence response profile (green curve), an RhB fluorescence lifetime of 
about 3 ns was obtained, which is in agreement with published values.42,43 
 
Fig. 5. DSC analysis of PMMA powder, PMMA nanofibers and PMMA-RhB nanofibers with 
different compositions. 
Fig. 6. A streak image of the 
fluorescence response of the 
PMMA–0.5 wt. % RhB fibers. 
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The fluorescence emission spectrum of the fibers is shown in Fig. 7. A shift 
of the fluorescence peak towards higher wavelengths could be noticed with 
increasing concentration of RhB. Increasing the concentration of the dye resulted 
in a red shift in the fluorescence wavelength as can be seen in Fig. 8, which 
shows the dependence of the wavelength of maximum emission on the concen-
tration of RhB in PMMA. These results are in agreement with the literature.32,44 
It could also be noticed that a plateau was not reached.43 When a plateau is 
reached, at high concentrations, aggregation formation restricts the peak shift. 
Fig. 7. Emission fluorescent spec-
trum of nanofibers with different 
contents of rhodamine B. 
Fig. 8. Dependence of the wave-
length of the maximum emission 
intensity on the content of rhoda-
mine B. 
The intensity of the fluorescence emission peak increased with concentration 
of RhB until 0.2 wt. % and then, at higher concentrations, it decreased and 
became broader, which is in agreement with published results for RhB in solution 
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and PMMA films.32,43 This is correlated to the viscosity/polarity-dependent non- 
-radioactive deactivation processes in RhB.  
CONCLUSIONS 
The electrospinning of PMMA doped with different contents of RhB was 
performed. Examination of the morphology of the formed fibers revealed bead-
free nanofibers with a smooth surface and the mean diameter of the nanofibers 
decreased with increasing content of RhB in the PMMA. After addition of RhB 
into the PMMA, the Tg of the polymer increased with RhB content up to a con-
centration of 0.5 wt. %. The fluorescence response of fibers after laser excitation 
indicated that the emission peak increased with increasing concentration of RhB 
until 0.2 wt. %. The fluorescence emission intensity of RhB became broader and 
shifted to higher wavelength with increasing RhB concentration in the nano-
fibers. The values of the solution viscosity, Tg and fluorescence emission peak 
indicated that there was a significant and critical concentration of RhB (0.2–0.5 
wt. %), and beyond these values the changes were in accord with their visco-
sity/polarity behavior.  
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ИЗВОД 
ЕЛЕКТРОПРЕДЕЊЕ НАНОВЛАКАНА ПОЛИ(МЕТИЛМЕТАКРИЛАТA) ДОПИРАНОГ 
ЛАСЕРСКОМ БОЈОМ РОДАМИН Б 
РАМДАН М. ДУКАЛИ
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2, 
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1, ДРАГАН М. ЈОЦИЋ
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1 
1Универзитет у Београду, Технолошко–металуршки факултет и 2Универзитет у Београду, 
Институт за физику 
У оквиру овог рада приказано је електропредење поли(метилметакрилата) допи-
раног родамином Б, којe је веома перспективна техника за добијање фотолуминисцент-
них нановлакана. Изведен је процес електропредења нановлакана са различитим садр-
жајем родамина Б од 0,05 до 2,0 мас. %. Интеракција полимерне матрице влакана и боје 
анализирана  је  применом  методе  Фуријеове  трансформације  инфрацрвеног  спектра. 
Морфологија влакана као и величина и њихова расподела испитивана је помоћу SEM. 
Диференцијалном скенирајућом калориметријом анализирана су термичка својства, a 
оптичка  својства  техникoм  ласерски  индуковане  флуоресценције (LIF). Добијена  су 
влакна глатке површине и без мехурова. Анализа дифернцијалном скенирајућом кало-
риметријом је показала да Tg расте са порастом садржаја родамина Б у поли(метилмета-
крилату) до концентрације од 0,5 мас. %, а затим опада. При испитивању емисионог 
флуоресцентног спектра нановлакана, максимална флуоресцентна емисија је остварена 
при садржају родамина Б од 0,2 мас. %. 
(Примљено 24. октобра 2013, ревидирано 27. јануара, прихваћено 30 јануара 2014) 
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